We have found that shochu distillery by-product (SDBP) contains a growth promoting factor that can be extracted with ether. In the present study, we administered hexane-extracts of SDBP (HSDBP) to broiler chickens and observed changes in skeletal muscle protein degradation in order to clarify the mechanism of growth promotion due to SDBP feeding. The pectoralis superficial muscle weight was significantly increased by HSDBP feeding. Plasma N -methylhistidine concentration was significantly decreased by HSDBP, showing that the rate of muscle protein degradation decreased. It was also found that the expression of mRNA of ubiquitin-proteasome system and calpain was decreased by HSDBP. These results indicate that growth promotion due to SDBP is caused by suppression of skeletal muscle protein degradation, which is related to the ubiquitin-ptoteasome system and calpain.
We have found that shochu distillery by-product (SDBP) contains a growth promoting factor that can be extracted with ether. In the present study, we administered hexane-extracts of SDBP (HSDBP) to broiler chickens and observed changes in skeletal muscle protein degradation in order to clarify the mechanism of growth promotion due to SDBP feeding. The pectoralis superficial muscle weight was significantly increased by HSDBP feeding. Plasma N -methylhistidine concentration was significantly decreased by HSDBP, showing that the rate of muscle protein degradation decreased. It was also found that the expression of mRNA of ubiquitin-proteasome system and calpain was decreased by HSDBP. These results indicate that growth promotion due to SDBP is caused by suppression of skeletal muscle protein degradation, which is related to the ubiquitin-ptoteasome system and calpain.
Key words: shochu distillery by-product; growth promotion; ubiquitin-proteasome system; calpain Shochu is a popular Japanese liquor made from rice, sweet potato, etc. Recently, a by-product of the liquor, shochu distillery by-product (SDBP) caused environmental pollution due to difficulties in processing and utilization. Until about 20 years ago, SDBP was widely used as a feedstuff for dairy cattle, but SDBP feeding was prohibited because it affected milk flavor. This resulted in dumping of SDBP into the ocean, causing pollution. Using SDBP as a feed may be the best way to solve the disposal issues. Although drying may be the optimal method to prepare SDBP as feed, this method is costly. Hence, we proposed separately using the solid and liquid parts of SDBP, which can be easily isolated in a decanter. The solid portion can be fed directly to cows and the liquid portion can be fed after condensation by an evaporator. We have confirmed that feeding of the solid portion of SDBP does not affect milk flavor. 1) We have found that SDBP contains a growthpromoting factor active in broiler chickens. 2) We have also found that SDBP feeding increased muscletocopherol and glycogen contents and decreased muscle tiobarbituric acid reactive substance (TBARS), 3) indicating that broiler chicken meat quality can be improved by SDBP. This is because SDBP contains large amounts of polyphenols and vitamins C and E.
We have found that the growth promoting factor of SDBP can be extracted by ether 2, 4, 5) and fractionated by Sephadex LH-20 column. 5) In the present experiment, we extracted the growth-promoting factor of SDBP with hexane and gave it to broiler chickens to assess changes in skeletal muscle protein degradation in order to clarify the mechanism of growth promotion due to SDBP feeding. Hexane was used in place of ethyl ether because we aimed to use the hexane extract as a practical feed additive.
Materials and Methods
Animals and diets. The animal experiment was conducted in accordance with the guidelines of Kagoshima University. One-d-old (D1) male Chunky strain broiler chicks were obtained from a local commercial hatchery (Kagoshima Chicken Foods, Kagoshima, Japan). They were placed in a brooder and provided water and a commercial diet (22% CP and 3,000 kcal ME/kg) ad libitum. After 12 d, they were divided into two groups, and the birds were placed in individual aluminum cages (49 Â 39 Â 59 cm). They were fed the basal diet (Table 1) , made mainly of corn and soybean meal, until 15 d of age as a preconditioning diet. The experimental diet was mixed with hexaneextracts of SDBP (HSDBP) and was given for 12 d. Concentrated supernatant (400 g, 60% water) from SDBP derived from sweet potato shochu production (Table 2) was extracted with 400 ml of hexane and centrifuged to correct the hexane fraction. The hexane fraction was then mixed with 10 kg of basal diet after the hexane was removed by evaporation (Table 1) . To dissolve the evaporated residue, 20 ml of ethanol was used. The control diet was also mixed with 20 ml of ethanol. The amount of growth-promoting factor in the HSDBP diet was equivalent to a 4% SDBP diet. We have observed that the growth of broiler chickens is accelerated by 2.5% and 5% SDBP diets.
3) The 20 ml of ethanol solution contained 9 mg of -tocopherol and 10 mg of polyphenol. Therefore, the -tocopherol contents were calculated to be 29.5 and 30.5 mg/kg in the control and HSDBP diets, respectively. Similarly, the polyphenol contents were calculated to be 2,084 and 2,085 mg/kg, respectively. The experiment was undertaken in a temperature-controlled (25 AE 1 C) room with a 12-h light/dark cycle. Body weight and feed intake were recorded every 3 d. At D27, all the chickens were sacrificed by decapitation under anesthetization by carbon dioxide, and blood was collected to separate plasma. The plasma sample was stored at À30 C until analysis. A piece of pectoralis superficial muscle (about 100 mg) from each chicken was rapidly excised and frozen in liquid nitrogen and stored at À80 C until it was used to measure mRNA. Then pectoralis superficial muscle was dissected out and weighed.
y To whom correspondence should be addressed. Fax: +81-99-285-8652; E-mail: hayashi@chem.agri.kagoshima-u.ac.jp Biosci. Biotechnol. Biochem., 74 (1), 92-95, 2010 N -Methylhistidine (N -MH) analysis. The plasma N -MH concentration was measured by the method of Hayashi et al., 6) with minor modifications. A plasma sample (500 ml) was mixed with 20% sulfosalicylic acid (170 ml) and centrifuged at 10,000 rpm for 5 min. The supernatant was recovered and evaporated under reduced pressure. Then the residue was dissolved in 0.2 M pyridine and applied to a cation-exchange column (7 Â 60 mm, Dowex 50 Â 8, 200-400 mesh, pyridine form). After most of the acid and neutral amino acid were washed out with 20 ml of 0.2 M pyridine, N -MH was eluted with 20 ml of 1 M pyridine and collected. The solvent was then evaporated and the residue was dissolved in 1 ml of mobile phase (15 mM sodium octane sulfonate in 20 mM KH 2 PO 4 ). A 50-ml aliquot was injected into a HPLC (LC-6A, Shimadzu, Kyoto, Japan) equipped with an Inertsil ODS-80A column (4:6 Â 250 mm, 5 mm, GL Sciences, Tokyo, Japan). The column was attached to an oven at 50 C. A fluoromonitor (RF-535, Shimadzu, Kyoto, Japan) set at an excitation wavelength of 365 nm, and an emission wavelength of 460 nm was used to monitor the fluorescence derived from the reaction with ortho-phthalaldehyde.
RNA extraction and real-time PCR. Total RNA was extracted from a piece of pectoralis superficial muscle (about 100 mg) using an RNeasy Ò Fibrous Tissue Mini Kit (Qiagen, Tokyo, Japan) according to the manufacturer's protocol. The RNA concentration and purity were determined spectrophotometrically using A 260 and A 280 values in a photometer (BioPhotometer, Eppendorf, Hamburg, Germany). The ratio of A 260 /A 280 for all samples was between 1.8 and 2.0. cDNA was synthesized at 800 ng RNA per 20 ml of reaction solution with PrimeScript Ò RT reagent Kit (Perfect Real Time, Takara, Shiga, Japan) by the Program Temp Control System PC320 (Astec, Fukuoka, Japan), which was set at reverse transcription 37 C for 15 min, inactivation of reverse transcriptase 85 C for 5 s, and refrigeration 4 C for 5 min. Real-time PCR primers were prepared as previously described. 7, 8) Gene expression was measured by real-time PCR using the 7300 Real Time PCR system (Applied Biosystems, Foster, USA) with SYBR Ò Premix Ex TaqÔ (Perfect Real Time, Takara, Shiga, Japan). The thermal cycle was as follows: 1 cycle at 95 C for 10 s, and 60 cycles at 95 C for 5 s and 60 C for 31 s. Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as an internal standard and was not significantly different among the two experimental groups. Gene expression results are shown as % of the control value.
Statistical analysis. Data were analyzed by Student's t-test. A p value <0:05 was considered statistically significant. Results were expressed as mean AE SD.
Results

Growth performance
The effects of HSDBP on growth performance are shown in Table 3 . The body weight gain tended to be increased by HSDBP (p ¼ 0:08). No difference in feed intake was observed between the control and HSDBP groups. The feed conversion ratio was significantly decreased by HSDBP. Both the absolute and relative pectoralis superficial muscle weights were significantly increased by HSDBP.
Plasma N -MH concentration The plasma N -MH concentration was significantly decreased by HSDBP (Fig. 1) . This suggests that the growth-promoting activity of SDBP was caused by suppression of skeletal muscle protein degradation. Values are expressed as means AE SD, n ¼ 7 (control) and 8 (HSDBP). Significant differences were assessed by Student's t-test: ÃÃ p < 0:01.
Gene expression
Since it was suggested by the plasma N -MH concentrations that SDBP feeding suppresses muscle protein degradation, we examined the effects of HSDBP on proteolysis related gene expression. Atrophy gene 1 (atrogin-1)/muscle atrophy F-box (MAFbx) and ubiquitin mRNA expression were decreased by HSDBP ( Fig. 2A, B) . Proteasome C2 subunit tended to be decreased by HSDBP (Fig. 2C, p ¼ 0:16) . The mcalpain large subunit mRNA was not affected by HSDBP (Fig. 2D) , but m-calpain large subunit mRNA expression was significantly decreased by HSDBP (Fig. 2E) . These results suggest that HSDBP affects expression of the ubiquitin-proteasome system and calpain in chicken muscle cells.
Discussion
We have found that SDBP contains a growthpromoting factor active in broiler chickens, 2) and that it can be extracted with ether.
2,4,5) Here a 12-d feeding experiment was conducted to clarify the mechanism of growth promotion due to SDBP using hexane-extracts of SDBP (HSDBP) in broiler chickens. We used hexane extracts because we intended to use HSDBP as a practical feed additive. Hexane is widely used in the extraction of oils from corn and soybean. We observed that SDBP also contains a substance related to weight loss, ephedrine alkaloids. Since ephedrine alkaloids are not soluble in hexane, this growth-inhibiting factor can be removed by hexane extraction (Kamizono and Hayashi, unpublished results). However, since there is a paucity of data on the effects of ephedrine alkaloids on growth performance in broiler chickens, additional experiments are necessary to confirm this growthinhibiting factor. Furthermore, as there were few differences in -tocopherol and polyphenol contents between the control and HSDBP diets, as mentioned above, it is logical to think that factors other than -tocopherol and polyphenol stimulated broiler growth. The present study focused on the skeletal muscle protein metabolism because skeletal muscle growth is the main contributor to growth promotion. First, we reconfirmed that HSDBP improved skeletal muscle growth (Table 3) . The results indicate that growth promotion is due to the specific action of SDBP on skeletal muscle. Feed intake was not affected by HSDBP, and the feed conversion ratio was significantly improved ( Table 3) .
The plasma N -MH concentration was significantly decreased by HSDBP, indicating a decreased rate of skeletal muscle protein degradation (Fig. 1) . N -MH is a component of skeletal muscle protein, actin and myosin. 9) When skeletal muscle protein is degraded, N -MH is excreted into the urine. N -MH is not reused for protein synthesis due to the lack of existing N -MH tRNA. Thus N -MH release has been used as a marker of muscle protein degradation. 10) Measurement of urinary N -MH excretion is widely used as an index of muscle protein degradation, but it is difficult to collect the excreta of broilers, and thus detection of acute changes in muscle protein degradation is not possible. In contrast, since the collection of plasma is easy, the plasma N -MH concentration can be used to track acute changes in muscle protein degradation. 11, 12) We measured the mRNA expression of atrogin-1/ MAFbx, ubiqutin, proteasome C2 subunit, m-calpain, and m-calpain large subunits to confirm this theory. Proteasome is thought to play a major role in the degradation of most sarcoplasmic proteins, and calpain might play a significant role in initiating muscle protein degradation by releasing protein fragments for proteolysis of the ubiquitin-proteasome system.
The ubiquitin-proteasome system is an ATP-dependent proteolysis system that requires polyubiquitination of the target protein as a marker of degradation by the 26S proteasome. 13) Polyubiquitination of the target protein consists of the covalent linkage of ubiquitin molecules to one or more lysine residues of a protein.
The process of ubiquitination involves the concerted action of ubiquitination enzymes E1 (a ubiquitinactivating enzyme), E2 (ubiquitin-conjugating enzymes), and E3 (ubiquitin ligases). It is known that E3 provides specificity to this system. To date, several hundred distinct E3 have been identified. Atrogin-1/ MAFbx was identified as a muscle-specific E3 that was highly expressed in muscle atrophy. 14, 15) Calpains are a family of intracellular Ca 2þ -dependent cysteine proteases that are ubiquitously expressed in many cells and tissues. 16) Two major forms of calpains (m-calpain and m-calpain) exist, activated in the presence of micromolar and millimolar Ca 2þ , respectively. 17, 18) They are heterodimers composed of a large catalytic subunit (80 kDa) and a small regulatory subunit (30 kDa). It has been found that chicken muscle contains the three ubiquitous species of calpain cDNA, m-, m/m-, and m-calpain, in addition to muscle-specific calpain p94. 19) Expression of atrogin-1/MAFbx, ubiquitin, and mcalpain large subunit, but not of m-calpain large subunit mRNA was significantly decreased by HSDBP (Fig. 2) . In the chicken, m-calpain mRNA is largely expressed in certain tissues and is scarce in the muscle and liver. Mammalian m-calpain plays a role in the differentiation of muscle cells. m-Calpain, m/m-calpain, and p94 may have roles in skeletal muscle proteolysis in chickens. It has also been reported that Ca 2þ influx not only activates the calpain system but also ubiquitin-proteasome system-mediated proteolysis in muscle cells. 20) Smith and Dodd have reported that calpain acts upstream of the ubiquitin-proteasome system. 21) In addition, they have reported that calpain activation inhibits the Akt signaling pathway, which is important for protein synthesis, suggesting that calpain plays a dual role in altering the pathways of protein degradation and protein synthesis. Protein synthesis might be also increased by HSDBP.
In conclusion, our study clearly indicates that a factor contained in SDBP suppresses skeletal muscle protein degradation due to its effects on the ubiquitin-proteasome system and calpain.
